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Abstract: An ultrashort-pulse, mode-locked ytterbium-doped fiber laser
has been developed. The group-delay dispersion was compensated with a
grating pair inside the cavity. A broad spectrum from 1000-nm to 1120-nm
was obtained without intracavity compensation of third-order dispersion. A
0.7-nJ pulse as short as 28.3 fs was obtained with a repetition rate of 80
MHz. To our knowledge, this is the shortest pulse reported from an Yb fiber
laser oscillator.
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1. Introduction

Fiber lasers have attracted attention as practical alternatives to solid-state lasers, offering
compact size, great stahility, and convenience for alignment. Recently, ytterbium (Yb) has
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proven to be a competitive ion delivering short pulses and high energy at 1 um. The pulse
energy of a mode-locked Yb-doped fiber oscillator can be up to 265 nJ [1], and the pulse
duration can be down to several 10 fs, which makes it more attractive for ultrashort pulse
operation than other fibers. In particular, an Yb fiber amplifier can provide a high repetition
rate of several tens of megahertz with high-peak power pulses, which cannot be matched by
solid-state lasers.

In the past few years, several researchers have reported sub 40-fs pulses from Yb fiber
lasers. It is well known that a broadband spectrum is obtained by optimizing the group-delay
dispersion (GDD) of the cavity. An internal grating pair is a good choice to compensate fiber
dispersion with a megahertz repetition rate. llday et a. demonstrated a 36-fs Yb fiber laser by
optimizing group-delay dispersion (GDD) inside the cavity [2]. That was the shortest pulses
produced from Yb fiber laser without high-order dispersion compensation. The effects of
third-order dispersion (TOD), which limits the pulse duration was subsequently studied [3,4].
Buckley et a. reported a 33-fs Yb fiber laser using a prism-grating sequence to reduce GDD
and TOD inside the cavity [5].

Recently, a record peak intensity of 3x10™ W/cm? at the focus of an external
enhancement cavity was demonstrated, which is very useful for investigating highly nonlinear
phenomena [6]. Shorter pulse duration with a 100-MHz repetition rate Y b-fiber oscillator is
attractive for the enhancement-cavity applications.

In this work, we demonstrate an Yb fiber oscillator with a repetition rate of 80 MHz. The
cavity dispersion was compensated by a grating pair inside the cavity. Although only the
cavity GDD was compensated in the cavity, a pulse width of 28.3 fs was obtained by an
external prism pair compressor. We believe this to be the shortest pulses obtained from an Yb
fiber laser. The effect of TOD on the cavity will be discussed.

2. Experimental Setup and results

A unidirectiona ring cavity is employed in this experiment (Fig. 1). Highly doped Yb fiber
(effective area 30 um? 1.3x10* ppm doping) with a length of 30 cm was pumped by a fiber-
coupled pump diode delivering 300 mW at 976 nm. The pump light was coupled into the ring
cavity via a wavelength-division multiplexer (WDM). The polarization state of the mode-
locked pulses was adjusted with three wave plates before the output coupler. Although one of
the quarter waveplates is typically placed at the fiber input, the order and the place of
these waveplates do not affect the polarization state at the fiber input. An isolator forced
unidirectional ring operation. The fiber laser generated positively chirped pulses, which were
compensated with a 600-groove/mm grating pair in the cavity. A grating pair provides
negative GDD, which compensates the positive GDD of fiber in the cavity. The total fiber
length is 170 cm, and the repetition rate is 80 MHz.
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Fig. 1. Schematic diagram of the Yb fiber oscillator system SMF: single mode fiber (effective

area 30un)
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The collimators were adjusted carefully to reduce the limitation of the achievable pulse
spectrum. It is well known that the reducing the cavity dispersion can shorten the pulse
duration [7]. Thus, the distance of the gratings inside the cavity was adjusted to vary the GDD
of the cavity to optimize the spectral bandwidth. The spectra of the pulses are presented in
Fig. 2. The peak of the spectrum at 976 nm is related to the unabsorbed pump light. The
dashed curve represents the broadest spectra at 30 mm grating separation, covering the range
from 980 nm to 1120 nm, which almost covers the total emission spectrum of the Yb fiber. It
could be possible to generate transform-limited pulses as short as 25 fs by using this spectrum.
However, the shortest pulse did not correspond to the broadest spectrum. It would be because
of some uncompensatable phase a a grating distance of 30 mm. The calculated net cavity
GDD is roughly -3+1x10° fs?, and the calculated GDD of the total fiber is about 3.9+0.1x10"
fs* a 1050 nm in this condition. The solid curve plots the spectrum at a grating distance of 28
mm with a net cavity GDD of nearly zero, where the shortest pulse was obtained.
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Fig. 2. Spectrum of the pulses with grating distances of 28 mm (solid curve) and 30 mm
(dashed curve)

A prism pair was employed to dechirp the residual dispersion of the output pulse
externally to the cavity. Since dispersion of the output pulse cannot be induced and is difficult
to simulate, severa prisms (e.g., SF6, SF14 and SF57) with different TOD-to-GDD ratios
were investigated in a search for the best compensation with the shortest pulse width. The
SF14 prism pair was chosen because it can provide the best TOD-to-GDD rétio to reduce the
residual dispersion in this experiment. We varied the GDD and TOD by adjusting the
distances between the prisms and the insertion of the two prisms. The shortest pulses were
obtained at a distance between the prisms of 845 mm with two insertions of 8 mm and 10 mm.
The calculated GDD (TOD) of the SF14 prism pair is -1320 fs? (-18500 fs®) with a TOD-to-
GDD ratio of 14 fs at the center wavelength of 1050 nm.
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Fig. 3. Measured interferometric autocorrelation Inset; long-range autocorrelation
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The temporal profile of the output pulse was obtained by an interferometric
autocorrelation technique. Fig. 3 depicts the measured autocorrelation trace. The pulse shape
and phase were reconstructed by the phase and intensity from cross correlation and spectrum
only (PICASO) [8] algorithm. As aresult (Fig. 4), the FAVHM duration of the pulseis 28.3 fs,
which is near the Fourier transform pulse width of 27.6 fs. Small structures in the wings
would be caused by uncompensated TOD.
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Fig. 4. Pulse shape retrieved by PICASO. Solid curve: retrieved pulse shape. Dashed curve:
retrieved phase. Dotted curve: transform limit pulse

The average output power was 56 mW a 80 MHz. Since the unabsorbed pump power
was negligibly small, the calculated pulse energy is 0.7 nJ with good pulse quality. When the
pump power is above 200 mW, the mode-locking is initiated immediately by shaking the
grating or tapping the mirror holder. The fluctuations in pulse energy are 0.1%, and mode-
locked operation was stable for days.

3. Discussion of the dispersion

The net GDD and TOD in our cavity are estimated to be 0+1x10° fs* and 1.55+0.02x10° fs®,
respectively. One cannot obtain 30-fs pulses if the uncompensated TOD is such a huge value.
Thus, there should be some nonlinear phase shift in the cavity for the residua chirp
compensation.

The possibility of TOD compensation with self-phase modulation (SPM) was predicted
by Galvanauskas [9] and theoretically demonstrated with pulse propagation dynamics by the
nonlinear Schrédinger equation [10]. Some groups reported that the nonlinear phase shift
originating from the SPM effect compensates for the TOD mismatch between the stretcher
and compressor in fiber CPA [10-14]. The SPM induces the phase shift of the chirped pulses,
which acts to narrow the temporal pulse duration. By our consideration, the cubic phase
caused by the residual TOD in our cavity could be compensated by this nonlinear phase shift.

If the SPM effect is too strong on the other hand, the dispersion of the pulse could not be
compensated completely. Although the nonlinear phase shift in the cavity cannot be estimated
exactly, the GDD value without the consideration of the nonlinear effect can be reconstructed
in each position of the cavity. The residual GDD and TOD values are estimated by PICASO.
The GDD values can be counted backward to the cavity. As a result, the shortest pulse
appears near the exit point of the Y b-doped fiber. The SPM effect occurs in this short section
because there is no SMF after the Y b-doped fiber in our cavity. Thus, SPM occurs moderately,
and the nonlinear phase shift could work well for the chirp compensation.

4. Conclusion

In conclusion, we have developed a mode-locked Yb fiber oscillator that produced nearly
transform-limited 28.3-fs pulses at a center wavelength of 1050 nm with 0.7 nJ at 80-MHz
repetition rate. To our knowledge, this is the shortest pulse obtained from an Yb fiber laser.
The intracavity dispersion was compensated simply with a grating pair. The amplification of
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the presented ultrashort-pulse oscillator with high repetition rate and good quality is expected
to be employed in numerous applications.
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